The objective of the present work is the experimental investigation of the effects of rotation on the heat transfer due to a single row of circular jets impinging on a curved surface, relevant to turbine blade cooling. The local transfer coefficients were determined by means of the naphthalene sublimation technique using the analogy between heat and mass transfer. Spanwise average transfer coefficients were deduced from the local measurements and are discussed relative to the transfer in a nonrotating system. Results are presented for different stagger angles, jet Reynolds numbers and geometry parameters. The geometry parameters that were varied included the spacing between adjacent jet holes and the distance between the jet hole plate and the impingement surface. It is found that rotation does not improve heat transfer but can reduce it significantly, up to 40% below the transfer coefficient in a nonrotating system. Therefore, the effects of rotation have to be accounted for accurate predictions of the cooling pattern generated by impinging jets.
Jet impingement has become well established as one of the most effective cooling methods. It is achieved by blowing cooling air through a series of holes against the surface which has to be cooled. Very high heat transfer rates are obtained particularly in the stagnation regions. Therefore, impinging jets are especially appropriate to cool critical gas turbine parts such as the inner wall in the leading edge region of turbine blades.
In rotating blades strong centrifugal and Coriolis forces are introduced which can affect the cooling effectiveness. Thus, Epstein et al. (1985) found that rotation reduces impingement heat transfer significantly, up to 30% below the coefficients in a nonrotating system. They investigated local heat transfer in a radially exhausted impingement cooled model of a turbine blade. The parameters that were varied included the jet Reynolds number, the rotation number and the stagger angle. The heat transfer reduction was presumed to be caused by buoyancy effects on the shear layer in the radially outward exit flow. They concluded that rotation creates very severe thermal stresses if not anticipated in design.
Since only very few data exist on the effects of rotation on impinging jets, the assumption in the design of typical cooling systems is that there is no effect. Therefore, it is not possible to accurately predict the temperature distribution inside the blade wall and with it the lifetime of a cooled turbine blade. Additional experimental tests, which involves additional expenses, are necessary to improve design process and optimise the use of impingement cooling.
The present work is concerned with the rotational effects on ---nubine blade impingement cooling. Measurements have been made of local heat transfer coefficients under the influence of rotational forces for configurations and flow parameters typical for modem gas turbine blades. Figure 1 shows schematically the impingement cooled blade model denoting important parameters. Impingement surface and insert are circular in shape and have a common center. Thus, the channel The objective of this investigation is to obtain heat transfer due to a single row of circular impinging jets with application for cooling turbine blades. The row consists of 5 jets. The range of parameters that have been varied is 
EXPERIMENTAL APPARATUS AND MEASUREMENT PROCEDURE
The experimental apparatus for studying impingement cooling in a rotating system is shown in Fig. 2 .
Basic part of the apparatus is the rotating arm assembly with the test model as illustrated in Fig. 3 
Fig. 3: Rotating arm assembly with test model
which is located downstream of the rig. However, before entering the rotating system via a rotary seal, the coolant pacces through an orifice flow meter. After leaving the rotor, the mass flow passes again through a second flow meter. Thus, comparing both determined flow rates the rig can be checked for leaks. Entering the test model the coolant is first piped against the backwall of the insert to ensure a uniform fluid distribution. The flow passes a honeycomb flow straightener and leaves the insert through holes which form jets. After impingement, the jets are deflected and the fluid spreads over the naphthalene surface before exiting the model chordwise. To obtain a uniform mass flow distribution over the model span, sockets with drilled holes are used for coolant supply and exhaust.
The heat transfer rate is determined by means of the naphthalene sublimation technique using the analogy between heat and mass transfer.
The impingement surface is coated with naphthalene of approximately 500gm thickness. The initial local thickness of the layer is measured at up to 3000 points by means of the eddy current method. Then, the surface is exposed to the air flow until a maximum of roughly 300gm thickness is sublimated away. The tests last up to 2 hours, depending on the jet Reynolds number, geometrical parameters and ambient temperature and pressure. During the test, temperature and pressure data necessary for evaluation have been recorded. At the conclusion, local layer thickness is measured a second time. Mass transfer rates are finally deduced from the change in layer thickness. Experimental uncertainty in Sherwood number measured using this method was calculated as 5%. The method is described in more detail by Pagenkopf and Hennecke (1993) .
ANALYSIS OF DATA
The nondimensional Sherwood number is
With the change in local naphthalene thickness ad and the duration of the test r, the diffusional mass flux can be evaluated from Ora (3 ) Herein, the density of solid naphthalene is 1145 kg/m 3. The wall concentration of naphthalene vapour is given by the ideal-gas law (4) with the gas constant of naphthalene RN = 64.84 J/kgK. The saturated vapour pressure data for naphthalene can be calculated from the empirical formula of Presser (1968) log( 1 ) = 1337 -3734
Po
To (5) with the reference temperature T o =I K and the reference pressure Po =1 Pa.
The free stream concentration of naphthalene pmo in Eq.
(2) is assumed to be zero.
The mass diffusion coefficient D in Eq. (1) is given by
where Do = 5.185.104 m2/sec is the diffusion coefficient at reference conditions (i.e. To = 273.16 K and po = 1.01 bar).
The mass transfer results can be converted to the heat transfer results by employing the heat-mass transfer analogy. Nusselt has shown that heat transfer results can often be correlated by means of the relation
According to the analogy, the mass transfer results can be described by Sh = k Rem •Sc" Hence, the conversion depends upon the exponent n which can be exactly calculated only for laminar flows. It is usually assumed to be a constant value of either 1/3 or 04. Goldstein and Seol (1991) recommend the exponent n = 0.4. They compared Nusselt numbers from their study with the analogous results of the mass transfer investigations by Koopman and Sparrow (1976) and have found good agreement for this value. Since the conversion is still not validated sufficiently, only mass transfer results are presented in this paper.
RESULTS AND DISCUSSION
Local Sherwood numbers are plotted versus the spanwise coordinate x• and the streamwise coordinate y• to demonstrate the qualitative changes due to rotation. The origin of the coordinates is located on the impingement surface directly opposite to the midpoint of the central jet hole (Fig. 1) . Thus, displacements of stagnation points caused by rotation may be identified.
Spanwise average Sherwood numbers are considered to discuss the quantitative changes in mass transfer rate under the influence of rotation. They are deduced from local Sherwood numbers using the follow -ing equation:
gi(y*) = -1 diSh(x*, y•)dx * 2: • For the calculation, the origin of coordinates is shifted to the central stagnation point of the jet row.
The mean values are discussed relative to the results in a nonrotating system Sh o . These stationary data have been reported in a previous study by Pagenkopf and Hennecke (1993) , which have investigated local mass transfer due to a single jet, a row and an array of jets impinging on plane and curved surfaces. They compared their results with data of other investigations and have found good agreement. Thereby, the conversion between Sherwood and Nusselt numbers have been accomplished using Eq. (9) with n = .0.4. Accordingly, spanwise-average Sherwood numbers due to a row of impinging jets deduced from the stationary tests can be predicted using a modified correlation of Goldstein and Seol (1991) :
The accuracy of prediction using Eq. (12) is about 12%.
Effects of rotation Figure 4 shows the effects of rotation on the local transfer coefficients for a medium jet Reynolds number of 25,000 and a jet-toimpingement surface distance s• of 6.1. Corresponding contour plots are depicted in Fig. 5 .
Without rotation (Ro = 0.0) the distribution of local Sherwood numbers correspond to results of previous studies (e.g. Pagenkopf and Hennecke, 1993) . Local maximum occurs at the impingement point of each jet and relative maxima can be recognised midway between adjacent stagnation regions.
The variations in mass transfer due to rotation depend on stagger angle. Font = 00 a 'distortion of the contour lines' can be recognised typically due to rotation. The mass transfer in the stagnation points of a0' the outer jets is larger than that generated by the central jet of the row. Moreover, stagnation points of the outer jets are shifted beside the geometrical impingement line (i.e. y• = 0). Relative maxima can still be detected between adjacent stagnation regions. In contrast for a = 90° the stagnation points are moved to smaller x• values, i.e. radial outward. The stagnation region belonging to the jet at x• = -8 is already located outside the measured area. Relative maxima are no longer generated midway between adjacent jets.
These 
although a radial pressure distribution is set up in the test model by the centrifugal force. The density variations between model hub and tip generated by this pressure distribution is determined to be smaller then 0.62% of the average value within the tested parameter range and can be neglected. More important, coolant density on planes with uniform centrifugal acceleration (i.e. planes with r = constant) does not vary significantly. Therefore, buoyancy effects, which would influence the mass transfer, cannot be present in the flow field. This is confirmed by several tests with a reverse direction of rotation, which are, however, not documented in the present paper due to the limited space. These tests show that a change in direction (i.e. 0 <0) mirrors only the local distribution of the Sherwood numbers relative to the line x• = 0 due to the change in the direction of the Coriolis force (Eq. (13)), but does not change the quantity of the single test values. From that, it can be concluded that the centrifugal acceleration does not have any influence on the mass transfer. Furthermore, the presented average transfer coefficients are independent of the direction of rotation. Accordingly, changes for a = 0° (i.e. jet direction normal to the plane of rotation) can be ascribed to a wall-jet flow deformation caused by the Coriolis force. As shown in Fig. 6 , fluid spreading out in the direction to smaller x• coordinates is deflected to negative ye coordinates corresponding to the direction of Coriolis force. In accordance, fluid flowing to larger x• coordinates is deviated to positive y° coordinates. Therefore, the wall-flow of adjacent jets can pass without a 'direct collision' and generate the characteristic mass transfer distribution, shown in Fig. 4 and 5 for a = 0 0 .
In contrast, for a = 90° (i.e. jet direction parallel to the plane of rotation) the Coriolis force acts normal to the jets (Fig. 6 ) and bends them to smaller x• coordinates. The jets impinge obliquely and affect the wall-jet flow creating a crossflow and with it changing the mass transfer. It should be noted here that both the direction of the crossflow and the direction of the jet deflection depend on the direction of rotation since these effects are induced by the Coriolis force.
These conclusions correspond to those reported by Kreatsoulas (1983) . He has investigated impingement cooling in rotating turbine blades for a stagger angle a = 30° using a model with radial outward exhaust. He has found both 'distortion of the flow pattern' and 'jet deflection' superposed in his measurements. The distortion has been attributed to the Coriolis force induced by the component of the rotational velocity vector that is parallel to the jet centerline. This corresponds to the conclusions presented for a = 0 0 . The Coriolis force due to the vector component normal to the jet centerline results in a jet deflection, which is similar to the above mentioned results for a = 90°. Preiser (1984) repeated his measurements for a = 0° and has not found any deflection, since this component is only present for a * 0°.
Variations in average transfer coefficients are shown in Fig. 7 . It is found that rotation reduces mass transfer as the rotation number increases. For a = 00 the mass transfer is diminished mostly around y• = 1.5, whereas for a = 90° the largest reduction occurs on the impingement line at y* = 0. Downstream, the differences become generally smaller.
The reduction in mass transfer for a = 0° is supposed to be caused by an 'intensified jet expansion' along the jet centerline. The jet region in which mixing between jet and ambient fluid takes place seems to spread faster, compared to a stationary free jet flow. Hence, the mean jet velocity normal to the jet centerline is reduced more rapidly at a rate required to conserve the jet axial momentum. As the velocity of the impinging jet decreases the stagnation point mass transfer is reduced, too. This interrelation between jet velocity and stagnation point heat/mass transfer has been shown for instance by Schrader (1961) and Gardon and Akfirat (1966) . Since reduction in the impingement regions differs with spanwise position (Fig. 4) expansion of a jet must be influenced by its adjacent jets.
For a = 90° reduction is probably caused by the above mentioned oblique impinging jets generating an crossflow on the impingement surface. This would explain why stagnation point mass transfer is reduced continuously with smaller spanwise position, as can be found in Fig. 4 . For the direction of rotation indicated in Fig. 1 crossflow certainly increases as x* decreases. For a = 0° spanwise-average Sherwood numbers are lowered as jet hole spacing becomes smaller. As for t* = 4 a relative reduction of maximal 15% is achieved, coefficient for te = 2 are reduced up to 40% below these in a nonrotating system.
Since jet hole spacing has been reduced the influence of neighbouring jets must be enlarged. This seems to intensify jet expansion and finally results in the very low mass transfer rates.
For a = 90° no essential influence of jet hole spacing can be determined. Reduction due to rotation is of the same order for both spacings 2 and 4. Peoendence of rotational effects on soanwise jet hole spacing Figures 8 and 9 show the effects of rotation on local mass transfer due to a row of jets with a reduced hole spacing of t* = 2. The above mentioned typical variations can still be noticed for a stagger angle of 90°. However, for a = 0°, on the contrary, stagnation regions with their increased transfer coefficients can no longer be identified. This certainly affects the average Sherwood numbers, as illustrated in Fig. 10.   Fig. 9 : Effects of rotation on local mass transfer -Contour plot, Re = 25,000, e = 6.1, V= 2
Dependence of rotational effects on stagger angle
In the above sections only results for two stagger angles 0° and 90° were presented. Hereby, large differences in mass transfer due to different stagger angles have been determined for t* = 2. Relative variation of average transfer coefficients for stagger angles ranging between 0° and 90° is shown in Fig. 11 .
As mentioned above the largest reduction is found for a = 0 0 . However, differences do not diminish continuously as stagger angle is varied to 90°. Moreover, the smallest decrease in mass transfer is already recognised for a = 45°. Smaller and larger angles result in an increased mass transfer reduction, compared to the results for a = 45°. !III!!! Figure 12 illustrates variations in local mass transfer due to rotation as a function of the jet-to-plate spacing s.. It is evident that the above mentioned characteristic effects (i.e. 'distortion of the contour lines' for a = 0° and 'displacement of the jet stagnation points' for a = 90°) are intensified as spacing increases.
Pependence of rotational effects on jet-to-olate soacina
Relative changes in average transfer coefficients are shown in Fig. 13 . For s . = 1 a slight augmentation in mass transfer of maximal 10% is recognised due to rotation. Against that, the relative mean coefficients are reduced up to 20% for s* = 6.1. Values for s* = 3 are found among these variations.
In the above sections rotational changes are supposed to be the result of a jet deformation. Thereby, it becomes evident that the largest changes are found not for s* = 1 but for s* = 6.1.
Incidentally, this tendency has been found for both jet hole spacings 2 and 4.
Pependence of rotational effects on jet Reynolds number
All results presented above are referred to experiments with a medium jet Reynolds number of 25,000. In this section the validity of these results for other Reynolds numbers is examined. Figure 14 shows rotational effects on the average mass transfer for e =2 and different jet Reynolds numbers. For a = 00 changes are influenced by the actual Reynolds number. The reduction increases with Reynolds number whereby limiting values are achieved for Re 2 25,000. This is due to the different distributions of local transfer coefficients at different Reynolds numbers, as depicted in Fig. 15 . This figure shows local mass transfer coefficients with curves at y* = constant for two different Reynolds numbers. Arrows indicate the 6 1 1.12 2.1$ 1.14 45 5 1.111 12. Y. location of the jet centerlines. The stagnation region of the center jet that can be identified for smaller Reynolds numbers (e.g. Re = 10,000) cannot be observed for larger Reynolds numbers (e.g. Re = 38,000). Therefore, relative reduction in average transfer coefficients is not as large for Re = 10,000 as for Re = 38,000 and correspondingly for Re = 25,000 (Fig. 14) . Hence, the above mentioned jet expansion is assumed to be not only influenced by the jet spacing but to a slight degree also by the jet Reynolds number. This dependence is negligible for a = 90°.
In the case of r* = 4 no influence of the jet Reynolds number on the rotational variations could be found for both a = 0° and 90°, according to Fig. 16 .
CONCLUDING REMARKS
Effects of rotation on impingement heat transfer due to a single row of circular impinging jets have been investigated. Transfer coefficients have been determined by means of the naphthalene sublimation technique using the analogy between heat and mass transfer. The influence of the rotation number and the stagger angle on the mass transfer has been shown qualitatively as well as quantitatively, as a function of geometry parameters and the jet Reynolds number. The following conclusions have been reached from the experiments:
• The basic effects of rotation on local mass transfer depends on the stagger angle. For a = 0° contour lines are distorted by rotation whereas for a = 90° a radial displacement of the stagnation points can be recognised. • For a = 0° variations in mass transfer are influenced by the spanwise jet hole spacing. A change from r• = 4 to 2 has reduced average transfer coefficients for s• = 6.1 up to 30%. No essential influence of t• has been found for a = 90°. • Whereas for 01 = 4 variations in mass transfer due to rotation are of the same order for both a = 0° and 90°, large differences have been determined for :4 = 2. Spanwiseaverage Sherwood numbers are reduced between 10% and 40% below the coefficients in a nonrotating system according to stagger angle. Thereby, smallest changes have been found for a = 45°. • The rotational changes decrease as jet-to-plate spacing decreases. For s* = 6.1 mass transfer is reduced up to 40%
(for Ro = 0.02) whereas for s• = 1 a slight enlargement between 0% and 10% has been found. • Relative variations are widely independent of the jet Reynolds number. An exception has been found for the configuration a = 0° and e = 2. Herein, rotational changes are fully developed and independent of the Reynolds number only for larger Reynolds numbers (Re 25,000). • Rotational effects determined in the present paper have to be caused by the Coriolis force only, because of the applied measurement technique. Hence, results are also independent of the direction of rotation and of the radial distance of the jets from the axis of rotation.
It has been found that rotation does not improve heat transfer but can reduce it significantly. Therefore, the effects of rotation have to be accounted in the design of impingement cooled turbine rotor blade.
